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Abstract

Background Most bacterial lipases in subfamily 1.1/1.2 depend on a specific chaperone protein, lipase-specific foldase
(Lif), for folding into their active form. In contrast, several Lif-independent lipases have been reported in subfamily I.1.
Lif-independent lipases have the potential to be industrially useful owing to their ease of heterologous expression;
however, no method has been reported to predict Lif-dependence for an arbitrary lipase. In this study, we compre-
hensively estimated the Lif-dependence of subfamily 1.1/1.2.

Results To estimate Lif-dependence, we comprehensively analyzed the presence or absence of Lif genes

in the genomes of bacteria from which the lipases were derived and integrated the results with those of phylogenetic
analysis. We identified a range of lipases from the Pseudomonas fragi/Proteus vulgaris clade, which contained all known
Lif-independent lipases and were enriched for lipases that did not coexist with Lif. Sequences and structural features

form, independent of Lif.

into the evolution of lipases and Lif.

expression

conserved in the P, fragi/P. vulgaris clade and other lipases were identified, and the residues involved in Lif-depend-
ence were inferred. Furthermore, we identified the Pseudoalteromonas shioyasakiensis clade, which is phylogeneti-
cally distinct from the P, fragi/P vulgaris clade, as having no Lif in the genome of the bacterium from which the lipase
was derived. The P, shioyasakiensis clade lipase, PliLip, was heterologously expressed in Escherichia coliin an active

Conclusions In this study, we developed a method to predict Lif-dependence in any lipase belonging to subfam-
ily 1.1/1.2 and comprehensively extracted putative Lif-independent lipases from public databases. This study con-
tributes to expand the diversity of industrially available Lif-independent lipases and provides fundamental insights
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Background

Lipases are enzymes that hydrolyze ester bonds in water-
insoluble carboxylic esters and are produced by vari-
ous species. Microbial lipolytic enzymes are involved in
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diverse biological functions including lipid metabolism
and pathogenicity [1]. They are also important in biotech-
nology, where they are used industrially for a wide range
of applications, including detergents, fat, oleochemicals,
and biodiesel production as well as for enantioselective
synthesis [2].

Arpigny et al. classified bacterial lipolytic enzymes
into eight families based on comparisons of amino acid
sequences and biological properties, with the largest fam-
ily, Family I, divided into six subfamilies [3]. Since then,
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many classifications have been added for newly discov-
ered enzymes, and 35 families and 11 subfamilies of Fam-
ily I have been recently proposed [4]. Family I includes a
group of lipases called “True Lipases,” which are highly
specific for long-chain triglycerides that are insoluble in
water. Subfamilies I.1 and 1.2 of Family I include Pseu-
domonas and Burkholderia lipases, respectively, which
are the most important bacterial lipases in the industry.
Subfamilies I.1 and 1.2 show higher sequence homology
with each other than with other subfamilies and are evo-
lutionarily related [3, 5].

Many lipases in subfamilies I.1 and 1.2 require a spe-
cific chaperone protein called a lipase-specific foldase
(Lif) for folding into an enzymatically active conforma-
tion [6]. These lipases are considered to be transferred to
the periplasm via the Sec pathway, activated by interac-
tion with plasma membrane-anchored Lif, and secreted
across the outer membrane into the extracellular space
by a type II secretion mechanism [7]. Lif is speculated
to act as a chaperone to help overcome the energy bar-
riers in the productive folding pathway [8]. Lif spe-
cifically activates lipases of the same or closely related
species. Pseudomonas aeruginosa Lif cannot substitute
for Burkholderia glumae or Acinetobacter calcoaceti-
cus Lif but has been shown to activate a lipase from the
closely related species, Pseudomonas alcaligenes [9, 10].
The lipase gene and its cognate Lif gene often form an
operon [6].

Many lipases, which are classified into subfamilies 1.1
and 1.2, are derived from human and plant pathogenic
bacteria. Especially for applications involving direct
exposure of humans to enzymes, such as in detergents,
production using heterologous expression systems in
hosts with widely recognized safety is preferable. Using a
heterologous host with a high protein production capac-
ity is also beneficial from a cost perspective. However,
heterologous expression of lipases from subfamilies 1.1
and 1.2 is difficult because of their Lif-dependence. The
expression of these lipases in Escherichia coli yields inclu-
sion bodies of inactive lipases [11-14]. Activation of
these inactive enzymes requires in vitro refolding in the
presence of Lif, which is unsuitable for industrial pro-
duction. Co-expression of lipase and Lif yields active
lipases in vivo [15-17]. However, in the expression of P
aeruginosa LipA in E. coli, most lipases are reported to
be expressed in the insoluble fraction, even with Lif co-
expression [17]. Thus, inexpensive production of subfam-
ily .1 and 1.2 lipases by heterologous expression remains
challenging.

Some enzymes classified as subfamily 1.1, such as
lipases from Pseudomonas fragi and Proteus vulgaris,
have been reported to fold into their active form dur-
ing E. coli heterologous expression in a Lif-independent
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manner [5, 18-21]. All known Lif-independent lipases
from subfamily I.1 are evolutionarily related and form an
independent clade (P fragi/P. vulgaris clade) [5, 22]. No
Lif genes have been found in the vicinity of lipase genes
in the genome of bacteria from which these lipases are
derived. In fact, the soluble expression of P. fragi lipase
was not improved by co-expression with P aeruginosa
Lif [21]. The known lipases of the P, fragi/P. vulgaris clade
have two unique features in their amino acid sequences
compared with those of other subfamily I.1 lipases. First,
the lipases of subfamilies I.1 and 1.2 usually possess an
N-terminal secretion signal, whereas none of the known
lipases belonging to the P. fragi/P. vulgaris clade possess
a distinct secretory signal. Nevertheless, these lipases are
released extracellularly by their natural producers, sug-
gesting extracellular transport via lysis or an unknown
secretory mechanism [18, 19]. Second, known lipases
belonging to the P fragi/P. vulgaris clade lack the intra-
molecular disulfide bonds that are widely conserved in
subfamilies I.1 and 1.2 [5, 21].

Lif-independent lipases have the potential to be
industrially useful because they can be heterologously
expressed in their active form without the need for Lif
co-expression. LipC12 identified in the metagenome
exhibits properties suitable for biotechnological applica-
tions such as excellent stability under high-temperature
conditions and in organic solvents, high activity at room
temperature, high heterologous expression, and solubility
[5, 23]. Although the difficulty in heterologous expression
has hindered protein engineering studies on subfamily I.1
and 1.2 lipases, efficient protein engineering is possible
with Lif-independent lipases. For instance, 13 mutations
were introduced into the lipase from Proteus mirabilis,
which increased its methanol tolerance for biodiesel pro-
duction [24].

The development of diverse Lif-independent lipases is
increasingly important for biotechnology; however, no
method is currently available to predict the Lif-depend-
ence of any lipase. Previous studies have examined the
sequences and structural characteristics of lipases classi-
fied in the P fragi/P. vulgaris clade [5, 25], only a small
number of experimentally validated sequences have been
used and the general characteristics of this clade have
not been fully clarified. Further, in subfamilies I.1 and 1.2,
the only known clade of Lif-independent lipases is the P
fragi/P. vulgaris clade (classified in subfamily L.1).

In the genomes of bacteria with genes encoding Lif-
dependent lipase, Lif genes should be present in the
vicinity of the lipase genes in most cases or at least some-
where on the genome. Therefore, we considered that Lif-
dependence can be estimated by the presence or absence
of Lif genes on the genome and thus, comprehensively
analyzed Lif coexistence for lipases in public databases.
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Table 1 Previous studies on the Lif-dependence of lipase

Subfamily Lif-dependence Accession Organism Reference
11 Yes D50587 Pseudomonas aeruginosa [3,34]

1.1 Yes X16945 Vibrio cholerae [3,35]

11 Yes X80800 Acinetobacter calcoaceticus [3,36]

1.1 Yes ABE74226 Psychrobacter cryohalolentis K5 [37]

1.1 Yes AAG47649 Pseudomonas sp. SW-3 [38]

11 No AF031226 Pseudomonas fluorescens C9 [3,39]

I.1 No X14033 Pseudomonas fragi [3,18]

11 No U33845 Proteus vulgaris K80 [3,20]

1.1 No AlZ05356 Yersinia enterocolitica KM 1 [40]

1.2 Yes X70354 Burkholderia glumae [3,8,41]
1.2 Yes AAR13272 Ralstonia sp. M1 [42]
Methods two outgroup sequences, were subjected to phylogenetic

Phylogenetic analysis

The known subfamily 1.1/1.2 lipases [3] from Pseu-
domonas aeruginosa (GenBank accession No. D50587),
Pseudomonas  fluorescens C9 (GenBank accession
No. AF031226), Vibrio cholerae (GenBank accession
No. X16945), Acinetobacter calcoaceticus (GenBank
accession No. X80800), Pseudomonas fragi (GenBank
accession No. X14033), Pseudomonas wisconsinensis
(GenBank accession No. U88907), Proteus vulgaris K80
(GenBank accession No. U33845), Burkholderia glumae
(GenBank accession No. X70354), and Burkholderia
cepacia (GenBank accession No. M58494) were used as
queries; a Protein BLAST search [26] against the NCBI
nr protein database [27] yielded 10218 lipase sequences,
excluding duplicates, with an e-value = 1le-20. From
these sequences, 7332 amino acid sequences annotated
to the RefSeq genome (accession numbers starting with
WP_), with a sequence length of 250-400 residues, and
a query cover >60% were extracted. In the genome from
which each lipase was derived, the availability of a 5 kb
genomic sequence both upstream and downstream of
the lipase ORF was examined using Entrez [28] and 6543
lipase sequences for which genomic sequences were
available were extracted. cd-hit [29] was used to cluster
sequences with 70% sequence identity and 329 lipase
sequences were obtained. Multiple sequence alignment
was performed using MAFFT-DASH [30] (Method: FFT-
INS-i) with 11 known lipase sequences (Table 1), along
with yeast-derived sterol esterase (UniProt accession No.
P34163) and gorilla-derived lipase (UniProt accession
No. G3QNO03) used as outgroups. Positions with more
than 10% of sequences being gaps, and sequences with
more than 20 gaps in the remaining multiple sequence
alignment were deleted. Finally, 327 sequences, compris-
ing 314 lipase sequences, 11 known lipase sequences, and

analysis. Phylogenetic analysis was performed using 1Q-
TREE 2 [31]. The phylogenetic tree was visualized using
iTOL [32]. Secretory signals were analyzed using SignalP
6.0 [33].

Lif coexistence analysis
Of the sequences subjected to phylogenetic analysis, 314
were used for Lif coexistence analysis, excluding known
lipases and outgroups. Using Entrez, all ORFs within 5
kb upstream and downstream of the lipase ORFs were
extracted from the bacterial genome from which each
lipase was derived, yielding a total of 2642 amino acid
sequences. The raw hidden Markov model (HMM) of the
proteobacterial lipase chaperone protein (PF03280) was
obtained from the Pfam [43] database, and a homology
search was performed for 2642 amino acid sequences
with PF03280 using HMMER [44]. In total 250 Lif
sequences that scored above the Pfam classification
threshold of 25.7 were extracted. These sequences were
then subjected to multiple sequence alignments using
MAFFT-DASH (Method: FFT-INS-i) to generate HMM
profiles (LifHMM). A homology search with the Lif-
HMM was performed on the 2642 amino acid sequences
using HMMER, and 252 sequences that scored > 25.7
were determined as Lif (Table S1).

For 68 lipase genes that did not coexist with Lif within
5 kb of the genome, the ID of the genome assembly,
from which each lipase was derived, was obtained using
Entrez, and all ORFs in each assembly were extracted
using the ncbi-genome-download tool [45] for a total of
246953 amino acid sequences. A homology search with
the LifHMM was performed, and sequences scoring
>25.7 were determined as Lif.
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with neighboring Lif
(Neighbor Lif)

Yes
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Lif gene exists?
(LifHMM)

Genome sequence acquisition
(5 kb upstream and downstream, respectively)
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N = 66 (2 failed)

Lipases coexisting
with remote Lif
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Lipase not coexisting
with Lif (No Lif)

Fig. 1 Overview of Lif coexistence analysis. (i) A homology search using known subfamily 1.1/1.2 lipases as queries was performed to extract

subfamily 1.1/1.2 lipases in the NCBI nr database. (i) Only lipase sequences for which the genome sequence of the derived bacteria was available
were extracted and clustered with 70% identity. (iii) LifHMM was defined and examined for the presence of Lif genes in the vicinity of the lipase
genes. (iv) For lipase genes with no Lif genes detected in the vicinity, Lif genes were searched in the entire proteome of the derived bacteria. (v)

Phylogenetic analysis was performed on the same set of lipase sequences. Green letters indicate the number of sequences at each step

Analysis of the P. shioyasakiensis clade

In total, 85 lipase sequences were obtained by recover-
ing all sequences in the cluster with 70% sequence iden-
tity for each of WP_062566573.1, and its surrounding
sequences in the phylogenetic tree (WP_149982606.1,
WP_138549921.1, WP_193332450.1, WP_015430253.1,
and WP_209113137.1). The 28 lipase sequences obtained
by clustering again with 95% sequence identity using cd-
hit were subjected to phylogenetic and Lif coexistence
analyses using the same method described above.

Sequence comparison

For sequences classified as subfamily 1.1 in the phylo-
genetic analysis, the sequences before clustering were
extracted and re-clustered at 90% identity. Secretory sig-
nal sequences were removed using SignalP 6.0. Multiple
sequence alignment was performed using the MAFFT-
DASH (Method: G-INS-i) and the alignment was cor-
rected visually. The alignments were then divided into
two groups: the P fragi/P. vulgaris clade and others
(called Other clades). Positions with gaps in more than
70% of the sequences in both groups were trimmed. For
each group, a sequence logo was created using WebLogo
[46]. Only positions in which the same amino acid was
conserved in more than 80% of the sequences in either
group and the conserved amino acid was present in only
10% or less of the sequences in the other group were
extracted, and sequence logos were created. PAL (Uni-
Prot accession No. P26876, excluding signal sequences)
and PML (UniProt accession No. B4EVM3) were used

to number the sequence logos. Sequence logos were also
created for sequences classified as subfamily 1.2 in the
phylogenetic analysis.

Protein complex structure prediction

ColabFold v1.5.2 was used for protein structure pre-
diction [47, 48]. Sequences with the secretory signal
sequence removed were used for the prediction. To pre-
dict the structure of the complex of PAL and the cognate
Lif, the sequence after residue 59 of Lif (UniProt acces-
sion No. Q01725), excluding the transmembrane and
linker regions, was used and prediction was performed
with relax = 1 and recycle = 3. Complex structure pre-
diction of the hit sequences of LifHMM and neighbor-
ing lipases was performed with no relax, recycle = 1. The
Non-Bond Interaction method in Discovery Studio 2022
(Dassault Systémes, Vélizy-Villacoublay, France) was
used to analyze residue-residue interactions in the pro-
tein structure.

Results and discussion

Lif coexistence analysis

The flow used for the comprehensive analysis of Lif coex-
istence is shown in Fig. 1. Lipases classified as subfamilies
L1 or 1.2 by Arpigny et al. were used as query sequences
[3] and homologous sequences were collected from the
NCBI database. Only lipase sequences with available bac-
terial genome sequences were selected for clustering and
curation, and finally, 314 lipase sequences were analyzed
for coexistence with Lif. Lif located within 5 kb upstream
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or downstream of the lipase gene in the genome was
defined as Neighbor Lif, and that located further away
was defined as Remote Lif.

First, Neighbor Lif was analyzed. All open reading
frames (ORFs) within 5 kb upstream and downstream of
each lipase gene were extracted, yielding a total of 2642
amino acid sequences. HMMER [44] was used to search
for Lif genes. We then tested whether the Lif gene could
be identified by analyzing whether it was classified into
the Proteobacterial lipase chaperone protein (PF03280)
family of the Pfam database [43]. A homology search of
2642 sequences yielded 252 sequences homologous to
PF03280, of which 250 sequences exceeded the classifica-
tion threshold (a score of 25.7). However, two sequences
with scores below the threshold (WP_089605658.1: score
22.2, WP_140626750.1: score 25) were both located next
to the lipase gene in the genome and were predicted to
form a complex with a neighboring lipase showing high
confidence in the structure prediction (Table S2). There-
fore, these are highly likely to act as Lif. Overall, the
250 sequences classified as PF03280 in the above analy-
sis were highly likely to function as Lif because they are
located near the lipase gene and show high homology
with known Lifs. Therefore, to search for Lif genes with
higher sensitivity, we generated a new hidden Markov
model (HMM) profile (LifHMM) from 250 sequences
and again performed a homology search. This yielded
258 sequences, of which 252 sequences had a score
of 25.7 or higher. These were consistent with the 252
sequences identified in the search using PF03280 HMM,
with the two sequences below the threshold in PF03280
also showing high scores (WP_089605658.1: score 51.2;
WP_140626750.1: score 134.8). The sequence with the
highest score among the six sequences that hit below
the threshold, WP_219123567.1 (score: 15.3), was not
predicted to form a specific complex with a neighbor-
ing lipase and was not likely to act as a Lif (Table S2).
Finally, 252 sequences were determined to be Lif genes.
These were mapped to lipase sequences, and 246 of 314
lipase sequences were found to contain Neighbor Lif
genes (the corresponding lipase sequences were labeled
“Neighbor Lif”). For 68 lipases that did not have a Neigh-
bor Lif gene, Lif was searched throughout the proteome
of each source bacterium. The LifHMM search revealed
Lif in 33 of the 66 derived bacteria for which proteome
sequences were successfully obtained (the corresponding
lipase sequences were labeled “Remote Lif”). No Lif was
detected in the remaining 33 proteomes (the correspond-
ing lipase sequences were labeled “No Lif”).

Phylogenetic analysis and signal prediction were per-
formed by adding lipases with known Lif-dependence
(Table 1) as well as outgroups to the analyzed sequences.
The results of Lif coexistence and signal analysis were
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then integrated into a phylogenetic tree (Fig. 2, Fig. S1,
Table S3).

Overview of the analysis results

Two previously reported lipases classified in subfamily I.1
and nine previously reported lipases classified in subfam-
ily 1.2 were dichotomized into different clades with high
confidence (SH-aLRT/UFboot = 99.9/100). Therefore,
all lipases used for the analysis could be clearly classified
into subfamily I.1 or 1.2.

Most known Lif-dependent lipases cluster with Lif in
the genome. One exception is the /ipC gene of P. aerugi-
nosa, which has no Lif genes in its vicinity and depends
on lipB, a neighboring Lif gene of another lipase, lipA,
for its active expression [49]. Many lipases in this analy-
sis were also found to coexist with Neighbor Lif genes,
whereas lipases coexisting only with Remote Lif genes
were scattered throughout the phylogenetic tree.

All lipases from subfamily 1.2 coexisted with Lif, con-
sistent with previous reports. However, some subfam-
ily 1.2 lipases did not have typical secretory signals, and
some only coexisted with Remote Lif, indicating diversity
in the localization and expression patterns of subfamily
1.2 lipases.

A group of lipases with no Lif detected in the genome
(No Lif) formed an independent clade (2. fragi/P. vulgaris
clade) with all known Lif-independent lipases, except for
one sequence described below. This supports the valid-
ity of the analysis. The fact that all lipases coexisting
with Remote Lif in this clade also coexisted with other
lipase-Lif clusters (Table S4) suggests that they may be as
Lif-independent as the other lipases of this clade. Experi-
mental verification is needed to clarify the Lif-depend-
ence of these lipases, such as examining the presence or
absence of lipase activity under heterologous expression
of lipases alone. All lipases of the P. fragi/P. vulgaris clade
are predicted to have no secretory signal, consistent with
the findings of previous reports [18, 19].

Sequence comparison of the P. fragi/P. vulgaris clade
and other clades
To characterize the sequence features of the P fragi/P
vulgaris clade and other subfamily .1 lipases, we dichot-
omized subfamily I.1 into the P fragi/P. vulgaris clade
and other clades (hereafter, Other clades) and compared
their sequence conservation (Fig. S2). The residue posi-
tions where some amino acids were highly conserved in
only one of the groups were extracted and are shown in
Fig. 3A. All residue numbers indicated below correspond
to the residue numbers of the lipase from P. aeruginosa
PAO1 strain (PAL).

C183-C235, which are highly conserved in the Other
clades, contribute to the structural stabilization of the
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Fig. 2 Phylogenetic tree and Lif coexistence of subfamily 1.1 and 1.2 lipases. In the phylogenetic tree, the background is pink for subfamily I.1, green
for subfamily 1.2, and yellow for the P. fragi/P. vulgaris clade. Of the two colored labels outside the phylogenetic tree, the inner label represents

the result of the Lif coexistence analysis: yellow for Neighbor Lif, orange for Remote Lif, purple for No Lif, and white for unanalyzed sequences.

The outer labels represent the results of signal prediction: light blue for SP (Sec/SPI), yellow-green for LIPO (Sec/SPIl), and burgundy for sequences
with no signal (OTHER). Outside the colored labels are the accession numbers of the existing sequences. WP_062566573.1, classified under the P

shioyasakiensis clade, is indicated by a purple triangle

active enzyme by forming disulfide bonds [50]. This
cysteine residue was not conserved in the P. fragi/P. vul-
garis clade; instead, a conserved E225 residue was pre-
sumed to contribute to structural stabilization [25]. In
the crystal structure of Proteus mirabilis lipase (PML),
E225 is suggested to stabilize helix nl by forming a
hydrogen bond with the main chain of the non-con-
served residue S235, contributing to the correct orienta-
tion of the active residue D229. Consistent with previous

reports, this analysis indicated that C183-C235 is not
conserved in the P, fragi/P. vulgaris clade, and that E225
is highly conserved. Furthermore, E113, which has not
been previously described, is highly conserved only in the
P, fragi/P. vulgaris clade. The side chain of E113 forms a
hydrogen bond with the main chain of E225 in the PML
crystal structure, suggesting the importance of the E113-
E225-X235 hydrogen bond network for stabilizing the
active center D229 in the correct orientation (Fig. 3B).
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Fig. 3 Comparison of the P, fragi/P. vulgaris clade with other clades. A Sequence comparison of the P, fragi/P. vulgaris clade with other clades

of subfamily I.1. Residue numbers of the corresponding amino acid residues in PML and PAL are shown below the logo. In the predicted complex
structure of PAL and its cognate Lif, the residue numbers predicted to interact with Lif are shown in a light blue background. B The E113-E225-5235
hydrogen bond network in PML. The PML crystal structure (PDB ID: 4 gw3) is represented by a ribbon model, with E113, E225, S235, and the active
center D229 represented by sticks and hydrogen bonds represented by green dashed lines. C Complex structures of PAL and its cognate Lif
predicted using AlphaFold2. PAL is represented by a white ribbon model and Lif by a purple ribbon model. Y3, A69, R274, and N278 of PAL are
represented by green sticks, and residues on Lif predicted to interact with them are represented by purple sticks. D Sequence comparison of the P
fragi/P. vulgaris clade, other clades of subfamily .1, and subfamily I.2. Sequences of residue positions corresponding to Y3, A69, R274, and N278,
predicted to interact with Lif in PAL, were compared in the three groups. Residue numbers of the corresponding amino acid residues in PAL are

shown below the logo

The coordination of calcium ions plays an important
role in maintaining catalytic histidine (H251 in PAL) at
the correct position in the active site [25, 51]. The side
chains of T205, D212, and N250, which are highly con-
served only in Other clades, interact with water mol-
ecules that coordinate calcium ions in the PAL crystal
structure [51], suggesting that T205/D212/N250 is a
common strategy for stabilizing the coordination of cal-
cium ions in Other clades. Further, D250, which inter-
acts with water molecules that coordinate calcium ions
in the PML crystal structure, is specifically and highly
conserved in the P, fragi/P. vulgaris clade, consistent with
previous reports [25]. The presence of a characteristic
loop (residues 201-208 of PML), longer than that in PAL,

as previously mentioned [25], was also conserved, but its
sequence and length were less conserved.

The crystal structures of lipases from B. glumae and
Acinetobacter baumannii in complex with their cognate
Lif have been reported, and the residues at which the
lipase and Lif interact with each other have been clarified
[52, 53]. Here, we analyzed the residues that interact with
Lif, which are selectively conserved only in Lif-depend-
ent lipases, to identify residues that are particularly
important in the interaction with Lif. Y3, A69, R274, and
N278, which are highly conserved only in Other clades,
are predicted by AlphaFold2 to interact with Lif in the
complex structure of PAL and cognate Lif [47] (Fig. 3C).
Y3-R274-N278 were predicted to form a cluster, with the
side chains of each residue forming hydrogen bonds with
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color labels on the right side of the phylogenetic tree, the left label represents the result of Lif coexistence analysis, yellow indicates Neighbor Lif

and purple indicates No Lif. The right label represents the result of signal p

rediction, and light blue indicates SP(Sec/SPI). P shioyasakiensis clade

was defined based on the result of Lif coexistence analysis, and the background of the phylogenetic tree was colored light blue. B Sequence
alignment of PAL with six sequences belonging to P shioyasakiensis clade. Y3, A69, R274, and N278, which are predicted to interact with Lif in PAL,
are indicated by white triangles, and C183 and C235, which form intramolecular disulfide bonds, by black triangles, P86, which corresponds

to a residue suggested to be involved in Lif-dependency in Lif-dependent

lipase from Pseudomonas sp. KFCC10818, is indicated by a red triangle.

Residues with the same amino acid conserved in all sequences are colored in black, and residues with the same amino acid conserved in more

than half of the sequences are colored in gray on the background

S74, D76, and S74 of Lif, respectively. The methyl group
in the side chain of A69 was predicted to interact hydro-
phobically with the R272, L273, and L276 of Lif. Four
residues, Y3, A69, R274, and N278, are highly conserved
in subfamily 1.2 but are specifically not conserved only in
the P, fragi/P. vulgaris clade, which did not require inter-
action with Lif (Fig. 3D). These results suggest that these
residues play a particularly important role of in the inter-
action with Lif.

Pseudoalteromonas shioyasakiensis clade

Other than the P fragi/P. vulgaris clade, only lipase
WP_062566573.1, from Pseudoalteromonas shioyasak-
iensis, had no Lif detected in the genome (Fig. 2, purple
triangle). The same analysis was performed for the sur-
rounding sequences by changing the clustering from 70%
to 95%. The results showed that Lif was not detected in
any of the six sequences, including WP_062566573.1,
which formed a small clade (defined as the P shioyasak-
iensis clade) (Fig. 4A). This suggests that the P. shioyasak-
iensis clade lipases are a novel group of Lif-independent
lipases.

The alignment of the P. shioyasakiensis clade with the
PAL clade is shown in Fig. 4B. Two cysteine residues that
form disulfide bonds in PAL are also conserved in the P
shioyasakiensis clade. Among Y3, A69, R274, and N278,
which were suggested to be important for the interac-
tion with Lif, Y3 and N278 were not conserved in the
P shioyasakiensis clade. In a Lif-dependent lipase from
Pseudomonas sp. KFCC10818 belonging to subfamily I.1,
the substitution of proline with glutamine in a residue
corresponding to P86 of PAL has been reported to allow
heterologous expression in an active form independent of
Lif [54]. This position of the residue is highly conserved,
with proline in the Other clades and leucine in the P
fragilP. vulgaris clade, whereas glutamine is conserved in
the P shioyasakiensis clade. This suggests that glutamine
at position 86 in P shioyasakiensis clade may contribute
to Lif-independence. Notably, the P. shioyasakiensis clade
possessed a secretory signal, unlike the P, fragi/P. vulgaris
clade.

Finally, the heterologous expression of the lipase PliLip
(WP_054552859.1), belonging to the P shioyasakiensis
clade, and for which no Lif was detected in the genome
(Fig. 4A), was examined in E. coli. The strain transformed
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Fig. 5 Heterologous expression of PliLip in £. coli. A Hydrolysis halo formed by PliLip-producing cells in the tributyrin plate assay. B Measurement
of lipase activity of culture supernatant with p-nitrophenyl butyrate as a substrate

with the vector encoding PliLip formed halos on tribu-
tyrin agar medium (Fig. 5A). IPTG induction also
induced pNP-butyrate degradation activity in liquid cul-
ture (Fig. 5B). These results confirmed that PliLip is a Lif-
independent lipase and identified the P shioyasakiensis
clade as a novel group of Lif-independent lipases.

Conclusions

The Lif-dependence of a wide range of lipases classified
into subfamilies 1.1 and 1.2 was inferred by analyzing Lif
coexistence. The extent of the P fragi/P. vulgaris clade
was delineated and sequence features specifically con-
served in each of the P. fragi/P. vulgaris clade and other
subfamily I.1 lipases were identified. The P. shioyasakien-
sis clade was newly identified as a group of lipases, which
do not coexist with Lif genes in the genome; further, we
showed that these lipases could be actively expressed
in E. coli in a Lif-independent manner. Notably, the Lif-
dependence of any given lipase can be easily predicted
by examining the presence or absence of the conserved
motifs suggested to be associated with Lif-dependence
in this study. Overall, the results of this study contribute
to expansion of the diversity of Lif-independent lipases
available for industrial use. This study also provides fun-
damental insights into the evolution of lipases and Lif.
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